Many cancers express mutant p53 proteins that have lost wild-type tumor suppressor activity and, in many cases, have acquired oncogenic functions that can contribute to tumor progression. These activities of mutant p53 reflect interactions with several other proteins, including the p53 family members p63 and p73. Mutations in p53 that affect protein conformation (such as R175H) show strong binding to p63 and p73, whereas p53 mutants that only mildly affect the conformation (such as R273H) bind less well. A previously described aggregation domain of mutant p53 is not required for p63 or p73 binding; indeed, mutations within this region lead to the acquisition of a mutant p53 phenotype-including a conformational shift, p63/p73 binding and the ability to promote invasion. The activity of wild-type p53 is regulated by an interaction with MDM2 and we have investigated the potential role of MDM2 in the mutant p53/p63/p73 interactions. Both mutant p53 and p73 bind MDM2 well, whereas p63 binds much more weakly. We found that MDM2 can inhibit p63 binding to p53R175H but enhances the weaker p53R273H/p73 interaction. These effects on the interactions are reflected in an ability of MDM2 to relieve the inhibition of p63 by p53R175H, but enhance the inhibition of p73 activity by p53R175H and R273H. We propose a model in which MDM2 competes with p63 for binding to p53R175H to restore p63 activity, but forms a trimeric complex with p73 and p53R273H to more strongly inhibit p73 function.
INTRODUCTION
p53 is an important tumor suppressor protein that functions as a transcription factor, binding DNA sequences in the promoters of a large number of target genes that mediate responses such as cell cycle arrest, senescence and apoptosis. 1 p53 is altered in the majority of human cancers, frequently resulting in the expression of mutant p53 proteins with single amino-acid substitutions in the DNA-binding domain (DBD). 2 In general, these mutant p53s have lost the ability to bind the p53 binding sites in DNA and so fail to exhibit the wild-type p53 tumor suppressor activity. 3 Furthermore, many of the mutant p53 proteins have also been shown to acquire a gain of function that can contribute to all stages of tumorigenesis, including the ability to promote invasion and metastasis. 4, 5 p53 belongs to a family of related proteins, which also includes p63 and p73. 6, 7 Each of the family members is expressed as a number of isoforms, including N-terminal variants that encode either a full-length (TA) or truncated (ΔN) p53, p63 and p73. 6, 8 Alternative splicing in the C terminus of each protein can further give rise to a multitude of C-terminal isoforms such as α, β or γ. 9 Regulation of the p53 family members depends on various homoand heteromeric interactions. Each of the p53 family members contains a C-terminal oligomerization domain, allowing the formation of homotetramers to allow sequence-specific DNA binding required to function as a transcription factor. 10, 11 The extreme C terminus of p63, present in TAp63α, contains a transactivation inhibitory domain that can interact with the N-terminal domain of the protein, resulting in the adoption of a closed inactive dimer. 12 The TAp63α can therefore switch between an inactive dimer and an active tetramer, 13 a level of control that is not seen for TAp73α. 14 Although p63 and p73 can also form heterotetramers through the oligomerization domain, this region of p53 is unable to interact with p63 or p73. 15, 16 However, cancerassociated point mutations within the DBD of p53 can both change the conformation of the p53 protein and allow the interaction of mutant p53 with p63 and p73. [17] [18] [19] [20] [21] This interaction of mutant p53 with p63/p73 can inhibit the transcriptional activity of p63/p73 and promote invasion. [22] [23] [24] Interestingly, the interaction between mutant p53 and p63 or p73 can be influenced by many proteins such as TOPBP1, Pin1, ANKRD11 and SMAD2 with functional consequences for p63 and p73 transcriptional function. 5 Another important regulator of p53 is MDM2, one of the principal ubiquitin ligases responsible for targeting p53 for degradation. 25, 26 The interaction between N-terminal domains in both MDM2 and p53 allows for the ubiquitination and degradation of p53, although E3 ligase-defective MDM2 mutants can retain the ability to inhibit p53 function through this interaction, which obscures the N-terminal transcriptional activation domain of p53. 27, 28 MDM2 can also form an interaction with p73, [29] [30] [31] although this does not lead to the ubiquitination and degradation of p73. By contrast, an MDM2/p63 interaction is seen in some 32, 33 but not all studies. 34, 35 In this study, we examined the interactions between the p53 family members and MDM2. We confirmed that while mutant p53 can bind to both p63 and p73, MDM2 preferentially binds to p73. This differential binding had a clear impact on the binding of mutant p53 to p63 or p73, with opposite functional consequences on the transcription activity of p63 or p73.
RESULTS

Binding of p63 and p73 to mutant p53
Both p63 and p73 have been shown to interact with mutant p53 to varying extents, depending on the nature of the p53 mutation. [17] [18] [19] [20] We confirmed previous observations that p53R175H, a conformational mutant that results in misfolding of the p53 protein, 36 binds much more strongly to both N-terminal isoforms of p63α (TA and ΔN) and p73α (TA and ΔN) than p53R273H, which directly affects a DNA-contacting residue in p53, but only slightly perturbs the wild-type conformation of the protein (Figure 1a ). [17] [18] [19] [20] Consistent with these reports, we observed similar binding of the TA and ΔN versions of p63 and p73 to p53R175H under conditions used for all the subsequent experiments in this study.
As p53R175H was the better binding partner, we used this mutant to investigate which domains in p63 and p73 were required to interact with mutant p53. Previous studies have shown that the DBD of p53 is required for the interaction of mutant p53 with p63 or p73. 19, 20 Interestingly, while deletion of the DBD of TAp73α (Δ131-307) or ΔNp73α (Δ82-258) reduced the interaction with p53R175H, deletion of this domain in TAp63α (Δ138-319) or ΔNp63α (Δ84-265) somewhat enhanced binding (Figures 1b and c and see below). The contribution of the DBD of TAp73α to the interaction with mutant p53 was confirmed in a reciprocal immunoprecipitation of p73 (using a hemagglutinin (HA) antibody) to identify co-precipitating p53R175H (Supplementary Figure S1A ). However, although deletion of the DBD of p73α reduced binding to p53, we consistently saw that this interaction was not completely abolished by this deletion. We therefore explored further the possibility that binding of p53R175H involved regions distinct from the DBD in both p63 and p73.
As both ΔNp63 and ΔNp73 retained p53R175H binding (Figure 1a ), suggesting that the N terminus was not necessary for the interaction, we examined the contribution of the C terminus of each protein using deletion mutants and the C-terminal truncated isoforms (Figure 1c ). In the case of p63, the shorter isoforms TAp63β and TAp63γ were consistently expressed at lower levels compared with TAp63α ( Figure 1d ), an observation previously noted with other TAp63α proteins mutated in the transactivation inhibitory domain. 12 However, we consistently found that both TAp63β and TAp63γ were significantly impaired for p53R175H binding compared with TAp63α (Figure 1 , long exposure and Supplementary Figure S1B ). Analysis of further TAp63α mutants indicated that deletion of amino acids 462-561 also perturbed the interaction with p53R175H ( Figure 1d and Supplementary Figures 1c and d) .
During the course of these studies, we noted that removal of the DBD of TAp63α led to somewhat increased binding to p53R175H (Figure 1d and Supplementary Figure S1C ). Previous studies have shown that TAp63α can be held in an inactive compact dimer through an interaction between the C-and N-terminal domains of the protein, 13, 37 and we considered that removal of the entire DBD may prevent this intramolecular interaction and inhibit the formation of closed dimers. To test directly the effect of inhibiting the dimer formation in TAp63α, we used a mutant within the N terminus of TAp63α (TAp63αFWL) that creates an open and tetrameric state that is also transcriptionally inactive. 13 Interestingly, this mutant also showed enhanced p53R175H binding (Supplementary Figure S1D ), supporting the suggestion that mutant p53 binds preferentially to the tetrameric form of TAp63.
Turning to TAp73, we noted that TAp73β clearly showed loss of binding to p53R175H (Figure 1e ), indicating that similar to p63, the C terminus of p73 has a role in mediating this interaction. Surprisingly, however, TAp73γ regained the ability to bind to p53R175H (Figure 1e ). Despite the loss of the C-terminal sequences present in TAp73α, TAp73γ contains 77 additional unique amino acids at the C terminus ( Figure 1c ), which appear to confer binding competence.
A previously proposed aggregation domain of mutant p53 is not required to bind p63 or promote invasion Although p63 and p73 can form mixed tetramers through their C-terminal tetramerization domains, 15 the interaction of mutant p53 with p63/p73 has been shown to depend on the DBD of mutant p53. 19, 20 While examining the effects of small deletions in the DBD of p53, which would be expected to destabilize p53, we found that the binding of p53R175H Δ251-312 to TAp63α appeared somewhat reduced (Figure 2a ), although this was less apparent when looking at the p53R175H Δ251-312 interaction with TAp73α ( Figure 2b ). This observation was of interest in light of a recent publication reporting the formation of aggregates by mutant p53 that can include p63 and p73. 38 This study identified an aggregation domain within mutant p53 spanning residues 251-258, with an absolute requirement for isoleucine 254. We therefore sought to determine whether aggregation was necessary for p53 to bind p63 or p73. A mutant in which the complete aggregation domain had been removed (R175H Δ251-257) still showed interaction with TAp63α ( Figure 2a ) and TAp73α (Figure 2b ), although we considered that this may reflect a misfolding of the protein caused by the partial deletion of the domain. Surprisingly, however, even the point mutation I254R that has previously been shown to prevent aggregation 38 did not inhibit binding of the R175H p53 mutant to p63 or p73 in our hands (Figures 2a and b ). Furthermore, introduction of the I254R point mutant alone into p53 (without the R175H mutation) induced enhanced binding to TAp63α to a similar extent as R175H, under conditions where DNA contact mutants such as R273H or R248W showed very low binding ( Figure 2c ). The efficiency of mutant p53 binding to p63 and p73 correlated with a misfolded conformation of the p53 protein, as assessed by a change in reactivity to antibodies 1620 (which recognizes folded wild-type p53) and 240 (which recognizes misfolded p53 associated with mutations such as R175H, which cause structural instability of the p53 protein). 39 Using this approach, we found that, similar to R175H, introduction of the I254R mutation resulted in clear misfolding of p53, which correlated with the acquisition of reactivity with Ab240 and TAp63α or TAp73α binding (Figures 2c-e). Although these results differ somewhat from those previously published, 38 it is well established that even wildtype p53 is structurally very unstable, 40 and small differences in extraction procedures may result in differences in the extent of unfolding of p53 proteins. 41 To assess the functional consequence of the I254R mutation, we examined whether this aggregation mutant acquired the gain of function that is characteristic of mutant p53s in cells. Several studies have shown that mutant p53s (such as R175H and R273H) can promote the invasive behavior of p53-null cells in Matrigel invasion assays 22, 23 and that this correlates with the ability to inactivate TAp63α. Interestingly, a p53 protein carrying only the I254R mutation promoted invasion in this assay as efficiently as a series of tumor-derived p53 mutants that have previously been shown to acquire this gain of function ( Figure 2f ) and was similarly able to inhibit TAp63α transcriptional activity (Supplementary Figure  1E ). Taken together, these results suggest that mutations in p53 that have been reported by others to prevent aggregation do not necessarily impede the acquisition of p63-binding activity or the ability to promote invasive behavior in cells.
MDM2 binds p73 more strongly than p63 MDM2 is a key regulator of p53 activity, and functions through various mechanisms to inhibit p53. Previous studies have shown that MDM2 also binds p73, but interacts much more weakly, if at all, with p63. 34, 42 We were also able to confirm that MDM2 bound well to TAp73α, TAp73γ and ΔNp73α (Figure 3a and Supplementary Figure 1F ), but showed a much weaker ability to interact with either TAp63α or ΔNp63α, using the same antibody and similar immunoprecipitation conditions as for the p73 isoforms ( Figure 3a ). The principal binding site for p53 on MDM2 is within the N-terminal binding pocket on MDM2, which is disrupted by deleting residues 58-89. Interestingly, loss of this region did not reduce the binding of MDM2 to TAp73 or ΔNp73α (Figure 3b ), suggesting that p73 and p53 bind to different regions on MDM2. Although MDM2 controls p53 to a large extent through ubiquitination and degradation, interaction with MDM2 can also directly inhibit the transcriptional activity of p53, as seen by the effect of coexpression of an MDM2 mutant that lacks E3 ligase activity (MDM2 C464A) with p53 ( Figure 3c ). MDM2 does not target p73 for degradation, 29 but the E3 mutant MDM2 C464A also inhibited the transcriptional activity of TAp73α and TAp73γ (Figure 3d ). However, coexpression of this MDM2 mutant did not significantly affect the transcriptional activity of either TAp63α or TAp63γ (Figure 3d ), consistent with the much weaker binding of MDM2 to TAp63. We note that, as shown previously, TAp63α shows relatively weak transcriptional activity in these assays, 6, 37 most likely reflecting the adoption of the closed dimeric and therefore inactive conformation of this transfected protein. 13 Having established that TAp73α forms an interaction with both p53R175H and MDM2, whereas TAp63α bound p53R175H well but MDM2 only very weakly, we examined the effect of MDM2 expression on the mutant p53/p63 or p73 interaction. Intriguingly, the interaction of mutant p53 (either R175H or I254R) with TAp63α was substantially reduced following coexpression of an E3-inactive MDM2 without apparently affecting the weak interaction of p53R273H or wild-type p53 to TAp63α in HCT116 − / − cells (which have lost full-length p53 expression but retain the expression of some N-terminally truncated p53 isoforms) ( Figure 4a Figure 2B ) further demonstrated a decrease in the binding capacity of endogenous mutant p53 to endogenous p63 (most likely the TAp63α variant based on size) in the presence of MDM2. Consistent with these observations, titrating MDM2 expression resulted in a dose-dependent decrease in the interaction between p53R175H and TAp63α, indicating that MDM2 competes with TAp63α for binding to mutant p53 (Figure 4c) .
In contrast to the behavior of p63, coexpression of MDM2 C464A did not clearly affect the binding of R175H or I254R to TAp73α or ΔNp73α and markedly enhanced the interaction of these p73 isoforms with p53R273H in HCT116 − / − cells (Figures 4d and e ) or H1299 cells (Supplementary Figure 2C ). In these assays, MDM2 even promoted an interaction between wildtype p53 and TAp73α or ΔNp73α (Figure 4e and Supplementary Figure 2C ). However, immunoprecipitation of the complex through MDM2 instead of p53 showed that while p53R273H bound MDM2, it did not increase the binding between MDM2 and TAp73α, compared with the interaction seen in the absence of mutant p53 (Supplementary Figure 2D) . These data suggest that MDM2 facilitates the binding of TAp73α to p53R273H, but that p53R273H does not govern the interaction between MDM2 and TAp73α. An increase in binding of p53R248W (in HCT116 cells) and p53R273H (in U251 cells) to p73 (most likely TAp73α based on size) following MDM2 expression demonstrated that the effect of MDM2 is also apparent with endogenously expressed mutant p53 and TAp73α (Figure 4f and Supplementary Figure 2E ). Importantly, the ability of MDM2 to enhance the p53R273H/p73 interaction was dependent on the N-terminal MDM2-binding domain on p53, as shown by a p53 protein deleted for this domain (ΔI). The p53 ΔI protein did not co-precipitate MDM2 (as expected) and did not gain the ability to interact with ΔNp73α in the presence of MDM2 (Figure 4e ). As MDM2 can bind both mutant p53 and TA/ΔNp73α, these results indicate that p53/MDM2/p73α can form a trimeric complex, and that the p53/TAp73α or p53/ΔNp73α interaction is enhanced by MDM2.
Various reports show that mutant p53s can be stabilized by chaperones that impair MDM2-mediated degradation of p53. 43, 44 Furthermore, heat-shock protein 70 (HSP70) can have a role in stabilizing the p53R175H/TAp73α interaction and destabilizing the p53R175H/TAp63α interaction, 45 suggesting that there may be a similarity to our observations with MDM2. However, under our experimental conditions, HSP70 did not alter the R175H/TAp63α or R175H/TAp73α interaction ( Supplementary Figures 3A and B) , indicating that the effect of MDM2 on these interactions is not mediated entirely through HSP70.
To test the consequences of the different effects of MDM2 on the interaction of mutant p53 with p63 and p73, we looked at the impact on TAp63α/γ and TAp73α/γ transcriptional activity ( Figure 5a ). As expected, expression of p53R175H reduced the transcriptional activity of TAp63α, but not TAp63γ (Figure 5a ), reflecting the capacity of mutant p53 to interact with the different p63 isoforms (Figures 1d and 5a) . Interestingly, titration of increasing amounts of MDM2, which was shown to dissociate binding of p53R175H to TAp63α (Figure 4a ), significantly alleviated the inhibition of p53R175H on TAp63α, while having no effect on TAp63γ (Figure 5a ). In contrast, p53R175H inhibited the transcriptional activity of both TAp73α and TAp73γ (reflecting the ability to bind both isoforms; Figure 1 ) and a titration of MDM2 even slightly increased this inhibition (Figure 5a ), correlating with the formation of the mutant p53/TAp73α/MDM2 complex (Figure 4b ). Previous studies have shown that p53R273H can inhibit the transcriptional activity of TAp73α, despite showing only weak binding. 23 Additional expression of MDM2 further decreased TAp73α luciferase activity (Supplementary Figure 3C) , consistent with the concurrent binding of p53R273H, TAp73α and MDM2.
Taken together, these results show that the binding of mutant p53 to TAp63α and TAp73α is differentially modulated by MDM2, which attenuates mutant p53 binding and inhibition of TAp63α, Figure 2 . The aggregation domain in p53 is not required for p63/p73 binding or the ability to promote invasion. (a) Immunoprecipitation of p53 with DO-1 in HCT116 p53 − / − cells transfected with 3 μg TAp63α in combination with 3 μg p53wt, p53R175H, p53R175H Δ251-312, p53R175H Δ251-257 or p53R175H I254R. p53 and p63 expression was determined in the inputs and in precipitated material by western blot using DO-1 and BC464 (p63) antibodies. (b) Immunoprecipitation of p53 with DO-1 in HCT116 p53 − / − cells transfected with 3 μg HA-tagged TAp73α in combination with 3 μg p53wt, p53R175H, p53R175H Δ251-312, p53R175H Δ251-257 or p53R175H I254R. p53 and p73 expression was determined in the inputs and in precipitated material by western blot using DO-1 and HA antibodies. (c) Immunoprecipitation of p53 with DO-1 in HCT116 p53 − / − cells transfected with 3 μg TAp63α in combination with 2 μg p53wt, p53R175H, p53R273H, p53R248W or p53I254R. p53 and p63 expression was determined in the inputs and in precipitated material by western blot using DO-1 and BC464 (p63) antibodies. (d) Immunoprecipitation of p53 in HCT116 p53 − / − cells transfected with 3 μg HA-tagged TAp73α in combination with 3 μg p53wt, p53R175H or p53I254R. p53 and p73 expression was determined in the inputs and in precipitated material by western blot using DO-1 and HA antibodies. (e) Immunoprecipitation of p53 (folded: 1620; unfolded: 240) in HCT116 − / − cells transfected with 3μg p53, p53R175H, p53R273H or p53I254R. p53 expression was determined in the inputs and in precipitated material by western blot using a DO-1 antibody. (f) H1299 cells were retrovirally infected with an empty vector or the indicated p53 mutants (in a pWZL blast vector). Blasticidin-resistant cells were selected and their invasion towards hepatocyte growth factor (HGF) over 72h was measured in inverted transwell invasion assays. Bars represent the mean of invasion beyond 45 μm in four sets of triplicates. Error bars as standard error of the mean. *A P-value o0.02 compared with the empty vector-expressing cells. The expression of the constructs is shown by western blot and actin was used as a loading control (right). Panels form part of the same gel.
MDM2, p63/p73 and mutant p53 while potentiating mutant p53 binding and inhibition of TAp73α (Figure 5b ).
DISCUSSION
p53, p63 and p73 are a family of related proteins with distinct but overlapping functions. Although each of these proteins can homo-oligomerize, wild-type p53 does not interact efficiently with either p63 or p73. By contrast, tumor-associated point mutations in the DBD of p53 can induce an ability of the mutant p53 to bind both p63 and p73, an activity that correlates with the acquisition of a misfolded conformation of the mutant p53 protein. Our results are in agreement with previous reports that have shown a contribution of the DBD of p73 to the interaction with mutant p53. 20 . MDM2 competes for binding of mutant p53 with p63, but promotes the binding of mutant p53 with p73. (a) Immunoprecipitation of p53 with DO-1 in HCT116 p53 − / − cells transfected with 2μg TAp63α in combination with 2 μg p53wt, p53R175H, p53R273H, p53I254R and MDM2 C464A. P53, MDM2 and p63 expression was determined in the inputs and p63 and MDM2 expression was determined in precipitated material by western blot using DO-1, Ab1 (MDM2) and BC4A4 (p63) antibodies. (b) Immunoprecipitation of p53 with DO-1 in BXPC3 cells (three 10 cm plates) that were transfected with 3 μg MDM2 C464A or pcDNA. MDM2, p63 and p53 expression was determined in inputs and immunoprecipitations by western blot using p53 DO-1, MDM2 SMP14 and p63 4A4 antibodies. (c) Immunoprecipitation of p53 using DO-1 in HCT116 − / − cells transfected with 3 μg HA-TAp63α and p53R175H each in combination with 0, 0.5, 1.0, 2.0, 4.0 or 6.0 μg MDM2 C464A or compensatory amounts of pcDNA. MDM2, p63 and p53 expression levels were determined in the input and precipitated material using western blot and SMP14, HA and DO-1 antibodies, respectively. (d and e) Immunoprecipitation of p53 with DO-1 (d) or 1801 (e) in HCT116 p53 − / − cells transfected with 2 μg HA-TAp73α (d) or HA-ΔNp73α (e) in combination with 2 μg p53wt, p53R175H, p53R273H, p53I254R, p53ΔI (only in e) and MDM2 C464A. P53, MDM2 and p73 (HA) expression was determined in the inputs and in precipitated material by western blot using DO-1 (d), 1801 (e), Ab1 (MDM2) and HA antibodies. (f) Immunoprecipitation of p53 with DO-1 in U251 cells that were transfected with 3 μg MDM2 C464A or pcDNA. MDM2, p73 and p53 expression was determined in inputs and immunoprecipitations by western blot using p53 DO-1, MDM2 SMP14 and a p73 antibody.
However, we also show that the C termini of p63 and p73 have an important role in permitting this interaction. Intriguingly, although binding is decreased in TAp63β, TAp63γ and TAp73β, the novel amino acids at the C terminus of TAp73γ reinstate the ability to bind mutant p53. These results present the interesting possibility that mutant p53 may differentially inhibit the C-terminal isoforms of TAp63 and TAp73. Indeed, our data support this suggestion, as we show that mutant p53R175H inhibits the transcriptional activity of TAp63α, but is unable to inhibit this function of TAp63γ. However, the transcriptional activity of both TAp73α and TAp73γ is efficiently inhibited by mutant p53R175H (Figure 5) . Given the pro-oncogenic role of mutant p53, this differential activity of mutant p53 may be important in tumor development.
Previous studies have shown that most mutant p53s can form aggregates in vitro and in cells, 38, 46 and that these can also include full-length and N-terminal truncated p63 and p73 isoforms. 38 A Figure 5 . MDM2 prevents mutant p53 from inhibiting TAp63α, but potentiates the inhibition of TAp73. (a) HCT116 p53 − / − cells were transfected with 300 ng BPAG luciferase, 100 ng TK Renilla, 2 μg p53R175H and increasing concentrations (0.2, 0.4 and 0.6 μg) of MDM2 C464A in combination with 2 μg HA-TAp63α, HA-TAp63γ, HA-TAp73α or HA-TAp73γ, and luciferase activity was determined. Data are plotted as relative luciferase units (RLUs) (firefly luciferase readings divided by Renilla luciferase readings) fold change relative to p53-null control. The diagram represents the mean of triplicates with error bars as s.e.m. The expression of MDM2, p63, p73 and p53 was determined by western blot using Ab1 (MDM2), BC4A4 (p63), HA or DO-1 (p53). (b) Schematic representation of the consequences of MDM2 expression on the inhibitory function of mutant p53 on p63 or p73. Expression of MDM2 alleviates the inhibitory role of mutant p53 on p63, but potentiates the inhibition of p73 by mutant p53. single point mutation of isoleucine 254 in p53 was shown to prevent aggregation and interaction of p53R175H with TAp63 or TAp73. We show here, however, that the interaction of mutant p53 with TAp63 and TAp73 is not dependent on isoleucine 254. Instead, p53 carrying a substitution of this residue to arginine, which would disrupt aggregation, behaves like a tumor-derived DBD point mutant. Specifically, p53I254R acquires the ability to react with a mutant-specific antibody, bind to TAp63α/TAp73α, inhibit TAp63α and promote invasion in a three-dimensional cell culture system. Indeed, I245R is found in the p53 database of somatic tumor mutations, albeit rarely (0.2% of all recorded somatic p53 mutations), suggesting that this mutation can be advantageous during cancer development. 47 Although the ability to form aggregates may contribute to the oncogenic activity of mutant p53, our data show that aggregation mediated through the previously identified domain within amino acids 251-257 of p53 is not required for mutant p53 to show oncogenic activities. Indeed, the ability of mutant p53 to regain wild-type p53 activity (e.g. with temperature-sensitive mutant p53 48 ) suggests that these mutants are not necessarily locked into irreversible aggregates. It seems that multiple mechanisms through which mutant p53 can inhibit p63/p73 functions exist, including the direct binding (as described here) and mechanisms that do not depend on tight and stable complex formation, as exhibited by p53 mutants such as R273H. 23 One of the key regulators of p53 function is MDM2, which also binds to mutant p53 through the N-terminal binding regions in both proteins. MDM2 can promote the degradation of mutant p53, 49, 50 although in tumor cells this regulation is disrupted, for example, through the expression of MDM2 isoforms that inhibit full-length MDM2 E3 ligase activity, 51 and mutant p53 protein accumulates. In agreement with previous results, 34, 42 we can detect MDM2 binding to TAp73α and ΔNp73α, but to a much lesser extent to TAp63α and ΔNp63α in cells. This differential binding is reflected by a far superior inhibition of TAp73α and ΔNp73α transcriptional activity by MDM2, which has almost no effect on TAp63α and ΔNp63α transcriptional activity in these assays. These data support in vitro studies showing that TAp63 can bind MDM2 with a much lower affinity than p53 or TAp73. 52 As with the binding of mutant p53, these observations suggest that there are significant differences in the ability of both N-terminal variants of p63 and p73 to interact with protein binding partners. Interestingly, this differential ability to bind MDM2 is reflected by different consequences of MDM2 on the mutant p53 interaction with p63 or p73. We find that while MDM2 can inhibit the p53R175H/TAp63α interaction-suggesting competition between MDM2 and TAp63α for binding to mutant p53-MDM2 can enhance the interaction of p53R273H with TAp73α or ΔNp73α. This latter effect is seen most clearly using mutants of p53 that do not strongly activate p73 binding (such as R273H), whereas the interaction of strongly binding mutant p53 (such as R175H) are unaffected by MDM2. MDM2 is not the only protein that can form a complex with p53 family members, and a recent publication has suggested that HSP70 shows a similar differential effect of reactivating p63, but not p73, in the presence of mutant p53. 45 In addition to HSP70 and MDM2, a number of other proteins could affect mutant p53/p63/p73 interactions, including HSP90, the CCT (chaperonin containing tailless complex polypeptide 1) complex, HAUSP (herpesvirus-associated ubiquitin-specific protease) or CHIP (C-terminus of Hsc70-interacting protein). Additional complexity is provided by the potential for expression of many isoforms of all the p53 family proteins. 9, 53 In this study, we have focused on the consequences of MDM2 expression on mutant p53/p63 and p73 interactions. We showed that MDM2 relieves the inhibition of p63 activity by mutant p53, but can enhance the inhibition of p73 by mutant p53. Although the impact of other interacting proteins remains to be addressed, our observations point to an interesting differential ability of MDM2 to regulate the activity of mutant p53.
MATERIALS AND METHODS Cells
H1299 and HEK293T cells (obtained from American Type Culture Collection, Teddington, UK) and HCT116 p53-null cells (a gift from Dr Bert Vogelstein) were maintained in DMEM (Life Technologies, Paisley, UK) supplemented with 10% fetal bovine serum, 1% pen/strep and 1% glutamine at 37°C in 5% CO 2 .
Plasmids
The following plasmids have been previously described: pcDNA constructs-HA-TAp63α, HA-ΔNp63α, HA-TAp73α, HA-ΔNp73α, TAp63α, TAp63β, TAp63γ, ΔNp63α, ΔNp63γ, TAp63αFWL, Myc-p63α and Myc-p63αFWL; 13,54-57 pcB6 constructs-p53 wild type, p53R175H, p53R273H amd p53ΔI; 58 and PCHDM1A constructs-MDM2, MDM2 Δ58-89 and MDM2 C464, 59, 60 BPAG luciferase and PG13 luciferase, 61, 62 Myc-TAp63α and Myc-TAp63α FWL 13 and pWZL blast p53. 63 The following constructs were generated by site-directed mutagenesis: pcDNA3 constructs-p53R175H, p53I254R, p53R248W, p53R273H, p53R175H Δ251-312, p53R175H Δ251-257, p53R175H I254R, HA-TAp63α Δ263-361, HA-TAp63α Δ362-461, HA-TAp63α Δ462-561, HA-TAp63α Δ138-319 (ΔDBD), HA-ΔNp63α Δ84-265 (ΔDBD), HA-TAp73α Δ131-307 (ΔDBD), HA-TAp73α Δ308-386 (ΔDBD), pWZL blast p53R175H, pWZL blast p53R273H, pWZL blast p53I254R, pWZL blast p53R248W and pCHDM1A MDM2 Δ58-89 C464A. Oligonucleotides used for site-directed mutagenesis are listed in the Supplementary Information. HA-tagged p63β and p63γ were generated using site-directed mutagenesis in the non-tagged constructs provided by Dr Caron de Fromentel.
Immunoprecipitation and immunoblot
A total of 7.5 × 10 5 cells were seeded in 10 cm plates and transfected with 3-6 μg DNA the following day using 15-18 μl GeneJuice in 300 μl Opti-Mem (Life Technologies). The transfection mix was added to the plates dropwise and cells were harvested 20-24 h later in RIPA buffer (50mM Tris, pH 7.4, 150 mM NaCl, 1% Triton, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate). Lysates were incubated for 15 min on ice and the supernatant was taken for immunoprecipitation with the indicated antibodies (0.5-2 μg per sample) overnight at 4°C using protein G magnetic beads (Dynabeads; Invitrogen, Life Technologies). The following antibodies were used for immunoprecipitation: p53 DO-1 (Santa Cruz, Santa Cruz, CA, USA), p53 pAb1620 (Calbiochem, Nottingham, UK), p53 pAb240 (Calbiochem), HA (Covance, Leeds, UK) and MDM2 Ab1 (Calbiochem). Input and precipitates were run on western page and the following first antibodies were used: p53 DO-1, p63 BC4A4 (Santa Cruz), p63 4A4 (Santa Cruz), p73, 29 p73 Ab 7824 (Millipore, Watford, UK), HA (Covance), actin C4 (Chemicon), HSP70 (Enzo, Life Sciences, Exeter, UK), Ab1 MDM2 (Calbiochem), MDM2 SMP14 (Santa Cruz) or Myc (9E10; Covance). For immunoprecipitations, a rat antimouse IgK light-chain horse radish peroxidase (BD Biosciences, Oxford, UK) was used and all other detections were carried out with regular mouse or rabbit horse radish peroxidase-coupled Amersham secondary antibodies (GE Healthcare Life Sciences, Little Chalfont, UK).
Luciferase assays
Cells were seeded to 70% confluency into 24 wells for transfection using GeneJuice (25 or 100 ng p53 constructs, 50 ng p63 or p73, 50 ng MDM2, 25 ng Renilla, 100 ng BPAG luciferase). At 24 h after transfection, cells were lysed in 100 μl lysis buffer using a Renilla Luciferase Kit according to the manufacturer's protocol (Promega, Southampton, UK). Luciferase and Renilla activity was measured using a Veritas Microplate luminometer (Turner Biosystems, Promega) and the Glomax software from Promega. Relative luciferase units were determined by correcting luciferase readings for Renilla luciferase expression. Error bars represent the s.e.m. for three independent experiments. Of each lysate, 20μl was run on the immunoblot to test the expression of the transfected constructs.
Matrigel invasion
H1299 cells were retrovirally infected with empty vector or p53 mutants using HEK293T cells as packaging cells and were subsequently selected MDM2, p63/p73 and mutant p53 with 7.5 μg/ml blasticidin for 3-4 days. In Transwell inserts (6.5 mm, 8 μm pore size; Corning Life Sciences, High Wycombe, UK) in a 24-well plate 60 μl Matrigel batch A6520 (BD Bioscience) diluted 1:1 in phosphatebuffered saline, containing 25 ng/ml fibronectin was pipetted carefully onto the center of the membrane and incubated 45 min at 37 ºC. The inserts were inverted on the lid of a 24-well plate and 100 μl of a 2.5 × 10 5 cells per ml cell suspension was pipetted onto the membrane, whereafter the 24-well plate was fitted over the inserts to create 'hanging droplets' of cells. Cells were allowed to settle for 5 h at 37 ºC, whereafter the transwells were washed in serum-free medium and transferred (upright) to a 24-well plate containing 1 ml serum-free medium. One hundred microliters of medium containing serum and 10 ng/ml hepatocyte growth factor was pipetted into the center of the insert on top of the polymerized Matrigel to attract cells from above the Matrigel plug. Cells were allowed to migrate for 3 days and stained in the medium containing 4 nM calcein (Life Technologies) for 1 h. Migration was visualized on a Leica TCS SP2 laser scanning confocal microscope (Leica, Peterborough, UK), taking images in serial sections every 15 μm starting at the membrane and moving up into the Matrigel plug until no more cells could be detected. The number of pixels with intensity of 100 or above was quantified in each binary confocal image using ImageJ. 64 The percentage of invading cells was calculated by dividing the sum of pixels at or beyond 45 μm by the sum of pixels in all images.
